ABSTRACT A partially purified preparation of the heatstable enterotoxin of EsMherichia coli caused a rapid and persistent increase in electric potential difference and short-circuit current when added in vitro to the luminal surface of isolated rabbit ileal mucosa. As little as 1 ng/ml produced an easily detectable response. Under short-circuit condition, the enterotoxin abolished net Cl-absorption; this change was half that produced by theophylline, which stimulated net secretion. The enterotoxin did not change cyclic AMP concentration but caused large and persistent increases in cyclic GMP concentration. The electrical and nucleotide responses exhibited similar and unusually broad concentration-ependences and maximal effects could not be demonstrated. Theophylline elevated cyclic GMP concentration 3fold both in the presence and absence of the enterotoxin, suggesting no effect of the toxin on cyclic GMP hosphodiesterase. Guanylate cyclase [GTP pyrophosphatelyase~cycizing); EC 4.6.1.21 activity in a crude membrane fraction from intestinal epithelial cells was stimulated 7-fold by the enterotoxin. These results suggest that guanylate cyclase stimulation is the basis for the toxin's diarrheagenic effect.
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Two enterotoxins have been identified among the extracellular products of Escherichia colh isolated from humans and other mammals with diarrheal disease-one heat-labile (1, 2) and the other heat-stable (1, 3, 4) . The former is immunologically crossreactive with cholera toxin (5) and, like cholera toxin, stimulates adenylate cyclase (6) . The latter acts more rapidly (7) and has a lower molecular weight [5000 or less (8) ]. Heretofore there has been little insight into its mode of action. Recent advances in the purification of the heat-stable enterotoxin (ref. 8 been equilibrated with 99% methanol/1% acetic acid. A broad peak of toxin activity appeared just behind the void volume.
The eluate was reconcentrated and again filtered on Sephadex LH-20 that had been equilibrated with water. Toxin was then eluted with water and the eluate was stored in a refrigerator with preservatives. Even when stored for 6 wk at room temperature, no loss of activity could be detected. The final material was 200-to 1000-fold purified but still gave several peaks on silica gel chromatography. A detailed description of this procedure will be published elsewhere (W. J. Laird and D. M. Gill, unpublished data).
Enterotoxin activity was assayed in suckling mice (9) . Fifty-microliter aliquots of toxin in water were introduced by transabdominal injection into the stomachs of 2 to 4-day-old suckling mice (CD-1 Swiss white from Charles River Laboratories, Boston, MA). After 60 min the mice were killed with CHC13 and ratios of total intestinal weight to total body weight were determined. Control ratios were about 0.06 and maximal ratios were about 0.13. A mouse unit was defined as the amount of toxin producing a half-maximal increase in ratio. Serial 1:1 dilutions of toxin were assayed; three mice were used for each dilution.
Three separately prepared batches of toxin were used for various phases of the present study. An aliquot from one of these batches was lyophilized and weighed: one mouse unit was found to represent about 10 ng of this material. Since we determined the specific activity of only one of these batches of toxin, we have chosen to express enterotoxin concentration in mouse units/ml rather than in ng/ml.
Electrical and Cl-Flux Measurements. Pieces of distal ileum from New Zealand white, male rabbits (2-3 kg) were stripped of muscle and mounted in Ussing chambers (usually four per animal) as described (10) . The (12) . One hundred microliters were assayed in duplicate for cGMP by radioimmunoassay of the acetylated derivative as described by Harper and Brooker (13) . The kit provided by New England Nuclear (Boston, MA) was used. This assay provided quantitative recovery of two known amounts of unlabeled cGMP (0.8 and 2.5 pmol/mg of protein) which were added to trichloroacetic acid along with tissue.
To test the validity of cGMP measurements, dried residues of tissue extracts [prepared as described (11) ] were dissolved in 0.3 M perchloric acid and applied to Dowex 1-X2, 200-400 mesh, 0.7 X 10 cm anion exchange columns (Cl-form) that had been equilibrated with water. After the column was washed with 15 ml of 0.01 M HCl to remove cAMP, cGMP was eluted with 8 ml of 0.1 M HCO (J. Blumberg, personal communication). After lyophilizing and redissolving in acetate buffer (pH 6.2), a portion of the cGMP was directly assayed and a portion was incubated with bovine heart cyclic nucleotide phosphodiesterase (Sigma) as described by Butcher (14) . Four milliunits of enzyme were added per estimated pmol of cGMP. After 30 min of incubation at 30°, 4 ml of 5% trichloroacetic acid was added and the trichloroacetic acid supernate was processed for cGMP assay as described above.
Guanylate Cyclase Determinations. A 50-to 60-cm segment of ileum was resected, rinsed with cold 7 mM phosphate/0.15 M NaCl (pH 7.4), filled with the same buffer containing 0.4 mM dithiothreitol, kept on ice for 10 min, and finally emptied and rinsed again with phosphate-buffered saline. It was then everted and divided into 15-cm segments, one or more of which was (were) stretched over the shaft of an El Vibromixer (Chempec Inc., Woodbury, NY) and vibrated at low speed into Ca2+-free HCO3/Ringer's solution (10) 1-methyl-3-isobutylxanthine, and 0.05% bovine serum albumin, all dissolved in 50mM Tris.HCl (pH 7.5). Membrane suspension (12 gl), heat-stable enterotoxin in 50mM Tris buffer or buffer alone (10 ,l), and the reaction mixture (48 ,l) were added individually to the assay tubes, adhering to the walls as three separate drops. Reactions were then initiated by mixing. Incubations were for 10 min at 35°and were terminated by addition of 0.5 ml of cold 10 mM Tris-HCI (pH 7.4) containing 10 mM EDTA, and 0.03 MuCi of [3H]cGMP. Immediately thereafter 50 MA1 of 50% trichloroacetic acid was added. After sedimentation at 1200 X g for 10 min,[32P]cGMP was isolated from the supernate by ion-exchange and alumina column chromatography as described by Nesbitt et al. (15) . Three milliliters of column eluate were dissolved in Bray's solution (16) and radioactivity was measured. Enzyme activities were determined in duplicate and were corrected for recovery of [3H]cGMP and for an enzyme blank prepared by incubating heat-denatured membranes in the above reaction mixture. The blank accounted for about 25% of the total 32P eluted under control conditions. In the presence of the enterotoxin, [32P]-cGMP generation was linear with the amount of membrane protein added up to at least 125 ,g and continued to increase with time for at least 15 min.
Materials. E. coli C600 (B14) was kindly provided by Stanley Falkow (University of Washington, Seattle, WA). 
RESULTS

Effects of enterotoxin on ion transport
The basic characteristics of the electrical response to heat-stable enterotoxin are shown in Fig. 1 . Addition of the enterotoxin to the mucosal (luminal) reservoir produced a rapid (onset with 30 sec) increase in PD, which became maximal within 5 min and usually persisted at that level (PD also increased after serosal addition, although more slowly). The increase in PD produced by mucosal addition could be reversed by replacing the mucosal bathing medium with fresh Ringer's solution. Addition of theophylline after 60 mouse units of enterotoxin per ml resulted in a further increase in PD which was, however, smaller than that produced by theophylline in the absence of the enterotoxin.
Cell Biology: Field et Effect of heat-stable enterotoxin on transepithelial PD. The upper and lower panels give results for separate tissues from the same animal. Enterotoxin was added on the mucosal side; the specified increments in concentration are in mouse units per ml. Theophylline (THEO.) was added to the serosal side (5 umol/ml). Reversibility was examined by replacing the solution in the mucosal-side reservoir several times, each change representing a 1:10 dilution of the prior concentration.
As indicated in Figs. 1 and 2 , we observed progressive increments in PD and IS over a surprisingly broad range of enterotoxin concentrations (0. 1 from the same animal, the changes in I9 produced by sequential additions with the changes produced by single additions (0.1-100 mouse units/ml) to four separate tissues. Both methods gave the same dose-response relationship, indicating that rapid desensitization to the enterotoxin does not develop and therefore cannot account for the observed broad concentration-dependence of the electrical response. In light of the previously observed stimulation of secretion by a Ca2+ ionophore (17), we looked for evidence of Ca2+ dependence. Omission of Ca2+ from the mucosal bathing medium did not diminish the electrical response to the enterotoxin (added to the mucosal side) and titration of the mucosal Ca2+ with EGTA did not reverse an already elicited response. Thus, heat-stable enterotoxin does not appear to significantly increase the Ca2+ permeability of the brush border membrane. Effects of the enterotoxin on unidirectional and net Cl-fluxes across the short-circuited mucosa are compared in Table 1 to those of theophylline, which causes flux changes identical to those caused by cAMP (10) . Under short-circuit condition, a net C1-flux (JC1 -J jC 6 0) suggests active transport of Cl-. The enterotoxin abolished the net Cl-absorption present under baseline conditions. Theophylline produced an appreciably larger effect, stimulating net secretion. Both agents decreased jA and increased JC', although the effect of theophylline on J. was larger than that of the enterotoxin. The combination of enterotoxin and theophylline did not have a greater effect than did theophylline alone. Na+ fluxes were not measured. The enterotoxin also reduced tissue conductance by 15%, the same change in conductance previously observed with theophylline and cAMP (11) (theophylline had a smaller effect on conductance in the present experiments due probably to the later time of its addition). Effects of enterotoxin on cyclic nucleotide concentrations Heat-stable enterotoxin did not alter cAMP but produced a persistent increase in cGMP concentration (Table 2 ). That the radioimmunoassay was indeed measuring an increase in cGMP and not some other compound was confirmed as follows: (i) The same cGMP concentration was measured in different dilutions of the same extracts (after correcting for dilution). (ii) The same cGMP concentration was also measured in tissue extracts purified by anion exchange chromatography (see Methods). (Mii) Finally, treatment with bovine heart cyclic nucleotide phosphodiesterase (see Methods) reduced the measured cGMP concentration to 5% of its former value.
As shown in Fig. 2 , the rate of increase in cGMP concentration was constant over the entire range of enterotoxin concentrations tested, varying from 1.7 X basal at 0.3 mouse units/ml to 46 X basal at 266 mouse units/ml.
Theophylline produced about a 3-fold increase in cGMP concentration in both enterotoxin-treated and control mucosa ( ,uEq/hr.cM2; conductance (G) is in mmhos/cM2. Time periods for baseline and post-theophylline flux measurements were 70-100 and 145-175 min after tissues were mounted, respectively. Enterotoxin (50 mouse units/ml) was added to the mucosal medium 30 min before the first flux period and theophylline (5 ,umol/ml) was added to the serosal medium 30 min before the second flux period. NS, not significant.
( Fig. 3 ). Earlier studies with isolated small intestinal mucosa have presented uncertain and potentially contradictory observations on the role of cGMP in intestinal electrolyte transport. A secretory PD can be elicited with relatively large amounts of cGMP or 8-bromo-cGMP (10, 21) , but the possibility that this effect results from an increase in cAMP concentration due to inhibition of cyclic nucleotide phosphodiesterase has not been excluded. Cholinergic agonists also stimulate secretion (22) and cause a short-lived (5-10 min) increase in cGMP concentration. Unlike enterotoxin, however, they do not stimulate guanylate cyclase in isolated plasma membranes (23) and their stimulation of intestinal secretion is dependent on extracellular Ca2+ (17) . Epinephrine, through a-adrenergic receptors, also produces a short-lived increase in cGMP concentration (21) , but its effect on ion transport is essentially opposite to that of the enterotoxin and the cholinergic agonists (24) . Insulin and cholecystokinin octapeptide also produce short-lived increases in cGMP (21), but neither stimulates secretion. Indeed, there is evidence that both have a weak, a-adrenergic-like effect on ion transport (25, 26) . The increases in cGMP produced by these neurotransmitters and hormones may not all occur in the same cell type affected by enterotoxin and they may be compensatory responses to other overriding cellular changes. They do not, therefore, preclude a role for cGMP in the stimulation of secretion. Nonetheless, in view of these apparently contradictory findings, the possibility that the enterotoxin has another mode of action should not be prematurely dismissed.
cAMP has two separable effects on ion transport in mainrnalan small intestine: (i) inhibition of a coupled uptake process for NaCl in the brush border and (ii) stimulation of active anion secretion (27) . It is likely that the former effect is exerted on villus cells and the latter on crypt cells. Since the enterotoxin inhibited net Cl-absorption but, unlike theophylline, did not cause net secretion, it is tempting to potlate that cGMP exerts only one of the two effects produced by cAMP, probably the former. Of interest in this regard is the demonstration by DeJonge (28) of a brush border protein kinase which phosphorylates that membrane and which is more sensitive to cGMP than to-cAMP. It may also be relevant that most of the guanylate cyclase activity in mammalian small intestine is found in villus cells (29, 30) and that a high specific activity of the enzyme has been found in isolated brush border membranes (23, 29, 30) .
The structure of heat-stable enterotoxin and the mechanism for its stimulation of guanylate cyclase are unknown. There are basic differences between its action and that of cholera toxin:
in intact cells, the enterotoxin acts far more rapidly and its action, unlike that of cholera toxin, is readily reversible. Thus, unlike cholera toxin, the enterotoxin appears to dissociate readily from the cell membrane, to rapidly transmit a transmembrane signal, and to produce a readily reversible change in the activity of the target nucleotide cyclase. In studies with cell lysates and isolated plasma membranes, the action of cholera toxin has been shown to be absolutely dependent on the presence of NAD and to be greatly enhanced by one or more cytosol macromolecules (31) . The present experiments suggest that neither NAD nor cytosol macromolecules are needed for the action of heat-stable enterotoxin, although contributions from trace amounts still adherent to washed plasma membranes have not been excluded.
Note Added in Proof. Since this manuscript was submitted for publication, Hughes et al. (32) reported increases in mucosal cGMP concentration in segments of mouse intestine expsd for 20 main to culture filtrates containing heat-stable E. coli enterotoxin. They also reported that the 8-Br analogue of cGMP stimulates intestinal secretion.
